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WE OBSERVE THE WORLD by making saccadic eye movements, which bring the fovea onto the object of interest. Because saccades are too rapid to be guided by vision, their accuracy is maintained by saccadic adaptation. When saccades systematically miss their visual target, as in subjects with extraocular muscle impairments, saccade amplitude adapts and the targeting errors diminish progressively over days (Abel et al. 1978; Kommerell et al. 1976; Optican and Robinson 1980; Scudder et al. 1998 ). In the laboratory, saccadic adaptation can be evoked within minutes by displacing the saccade target during movement execution, so that when the saccade lands the fovea is not on the target. Although such intrasaccadic target steps are usually not noticed (Bridgeman et al. 1975) , repetition of these trials results in a progressive modification of saccadic amplitude such that it eventually becomes appropriate to the postsaccadic target position (McLaughlin 1967 ; reviewed by Hopp and Fuchs 2004 and Pélisson et al. 2010) .
The error signals guiding saccadic adaptation have been the object of some debate. Because forward intrasaccadic steps cause saccade amplitude to increase whereas backward intrasaccadic steps cause saccade amplitude to decrease, the most obvious candidate error signal is the retinal distance of the target from the fovea from after each saccade ("retinal error"). This attribution is supported by the fact that saccade amplitude reaches an asymptote as adaptation brings the eyes close to the new target position. Consequently, retinal error has been widely considered to be the primary or the only error signal guiding saccadic adaptation (Havermann and Lappe 2010; Hopp and Fuchs 2004; Noto and Robinson 2001; Wallman and Fuchs 1998) . Implicit in the designation of retinal error as the driver of saccadic adaptation is the presumption that the oculomotor system does not know, or does not care, where exactly the saccade lands, but only cares how far it is from the target. A complication with regarding retinal error as the sole error signal is the fact that normal saccades usually are hypometric (undershoot their target), and if this is corrected by manipulating the target to be on the fovea after saccades, the saccade amplitude is reduced, as though the goal state of saccade adaptation is to maintain this small retinal error (Henson 1978; Robinson et al. 2003 ; but see Havermann and Lappe 2010) .
Alternatively, motor-related information could provide an error signal if the oculomotor system kept track of the direction and amplitude of corrective saccades that followed the primary saccade. Thus if primary saccades were consistently followed by a corrective saccade in the opposite direction, the oculomotor system could infer from this "motor error" that the saccadic gain (the ratio of primary saccade amplitude to target eccentricity) was too high. However, eliminating such corrective saccades does not prevent adaptation (Noto and Robinson 2001; Wallman and Fuchs 1998) , demonstrating that motor error is neither necessary nor sufficient to drive adaptation.
Another possible error signal is prediction error, in which the predicted postsaccadic image is compared with the actual postsaccadic image. Differences between the predicted and actual postsaccadic images could drive the system to adapt to eliminate future errors. Several findings argue in favor of saccade adaptation being driven by prediction error, rather than simply by the postsaccadic visual error ("visual comparison model"; Kowler 1999, 2000) . Deubel (1991) showed that an intrasaccadic shift of a large random grating, containing a transient target that could not be identified after the saccade, resulted in saccade adaptation, suggesting that there was a low-level mechanism for visual comparison across a saccade. More directly, when subjects were instructed to make saccades 75% of the way to a target and the target was stepped back by Ͻ25%, the saccade amplitude decreased, even though the target lay beyond the fovea after the saccades (Bahcall and Kowler 2000) , a result similar to that of Wong and Shelhamer (2010) . Furthermore, adaptation occurs when subjects make saccades to the center of a circular array of dots that makes an intrasaccadic step, even though there is no single stimulus near the fovea (Bahcall and Kowler 2000) . Finally, the temporal characteristics of the postsaccadic image are crucial to adaptation. Optimal adaptation occurs when the postsaccadic visual information is available within 150 ms after primary saccade end and for at least 80 ms (Bahcall and Kowler 2000; Shafer et al. 2000) . Such a time window would not be expected if only the retinal characteristics of the error were important.
The goal of the present study was to directly compare a prediction error signal to a retinal error signal.
We propose that the oculomotor system knows where the saccade lands (Collins 2010; Collins et al. 2009; Ostendorf et al. 2010; Sommer and Wurtz 2004) , either from proprioception or from efference copy, and that it is thus able to predict the postsaccadic location of the target. We suggest that adaptation is driven weakly by retinal error and is driven more strongly by prediction error-a difference between actual retinal error and the predicted retinal error, which is exactly what the intrasaccadic target step in the saccadic adaptation paradigm causes.
Several computational models have also suggested that prediction error may play a role in saccadic adaptation (ChenHarris et al. 2008; Dean et al. 1994) . Prediction plays a central role in computational models of motor learning by providing the desired state the system is to learn based on deviations from it. In the computational frameworks, forward models generate predictions about the sensory consequences of our movements (Miall and Wolpert 1996; Wolpert and Flanagan 2009 ). Such internal predictions have been proposed to explain a wide range of phenomena, such as why we cannot tickle ourselves (Blakemore et al. 2000) and the escalation of tactile force that occurs when a subject tries to match the force experienced (Shergill et al. 2003) . By generating an internal prediction of the consequences of a movement, forward models may also participate in learning by providing the desired consequences to be compared with the actual postmovement state of the world. Any discrepancy between the desired and actual states (prediction errors) could then constitute the basis for adapting future behavior.
The present work compares the potency of retinal error and prediction error as guides for saccadic adaptation. In the first of two experimental sessions we produced postsaccadic retinal error without prediction error by turning off the target during saccades larger than the median amplitude, such that the target provided postsaccadic visual feedback only after saccades smaller than the median ("Small-On" experiments). In this situation, the target was most often beyond the fovea ("positive retinal error"), as would occur with a forward intrasaccadic step. In a complementary experiment, during the first session we extinguished the target only after saccades smaller than the median amplitude, such that the target provided postsaccadic visual feedback only after saccades larger than the median ("Large-On" experiments), producing retinal errors much like those that would occur with a backward intrasaccadic step (Fig.  1A) . Thus, at the end of the first session, we had a list of retinal errors in the order subjects experienced them. In the second session, days later, for each subject we reproduced his/her retinal errors of session 1, trial by trial, but this time retinal errors were obtained by stepping the target relative to the saccade endpoint. Thus retinal error was identical between the two sessions, but in the first session there was no prediction error (the target never stepped) while in the second session there was prediction error because of the target steps. If retinal error alone drives adaptation, then the amount of adaptation should be equivalent for sessions 1 and 2. Any difference between the two sessions would be attributable to prediction error.
METHODS
Subjects. Nine subjects participated in the experiment. Four naive subjects received course credit in exchange for their participation, four volunteered, and one was an author (T. Collins); all gave their informed consent. Five subjects participated in both Large-On and Small-On conditions and four participated in only one, resulting in there being seven subjects in each condition. These experiments were covered by a protocol approved by the Institutional Review Board of the City College of New York.
Stimuli. Subjects viewed stimuli in a darkened room at a distance of 57 cm while on a chin rest to minimize head movements. Stimuli were generated on a computer running VisionWorks (Vision Research Graphics, Durham, NH) and displayed on a 21-in. monochrome CRT display with a fast phosphor and a vertical refresh rate of 200 Hz (Image Systems, LaFox, IL). Stimuli were 1°ϫ 1°red crosses (3.3 cd/m 2 ) presented on a black background (Ͻ0.5 mcd/m 2 ). This setup minimized the potential detection of target steps by subjects, in accordance with saccadic suppression of displacement (Bridgeman et al. 1975) . The subject fixated a cross located at horizontal coordinates chosen randomly from Ϫ6°to 0°(screen center) and vertical coordinates between Ϫ3°(below screen center) and 3°(above). After ϳ500 ms, the cross stepped 12°to the right.
Eye movement recording and analysis. Binocular movements were monitored with an Eyelink 1000 (SR Research, Kanata, ON, Canada) at a 1,000-Hz sampling rate. The Eyelink was calibrated at the beginning of a session. Stimulus presentation and data collection were controlled by a LabVIEW program. On-line saccade detection was based on a 30°/s velocity threshold maintained for two consecutive above-threshold samples; saccade offset was defined as five consecutive below-threshold samples. On-line gain was calculated based on the eye position measured in the final sample. Eye movement traces were subsequently analyzed off-line (saccade onset and offset marked as the first and last points, respectively, above a 10°/s velocity threshold and adjusted by the experimenter). Compared with these more accurate off-line measurements, the on-line saccade amplitudes were 10 Ϯ 2% lower. However, because we used the on-line measurements from session 1 for calculating the retinal error to be presented in session 2, this discrepancy did not bias our results. Saccades with amplitudes smaller than 5.0°and latencies Ͻ80 or Ͼ500 ms were excluded.
Procedure. Subjects fixated a red cross. After ϳ500 ms, the cross jumped to the target position 12°to the right. Subjects were instructed to follow the cross with an eye movement. Upon saccade onset detection, the cross was extinguished. Upon saccade offset detection, the target either remained off or reappeared depending on the on-line measure of saccade amplitude and condition.
Each subject participated in two sessions. In session 1, subjects ran 50 practice trials in which the target always reappeared and then 50 baseline trials in which the target reappeared on a random 50% of trials. This was followed by 300 test trials in which the extinction/ reappearance of the target depended on the on-line median primary saccade amplitude calculated on a 50-sample sliding window. In the Small-On condition, the target reappeared if the on-line gain on that trial was less than the on-line median (all saccades with amplitude greater than the median received no postsaccadic visual feedback). Conversely, in the Large-On condition, the target reappeared if the on-line gain on that trial was greater than the on-line median (all saccades with amplitude smaller than the median received no post-saccadic visual feedback). Target reappearance was ϳ12 ms after the saccade ended [a delay too short to interfere with adaptation (Bahcall and Kowler 2000; Bonnetblanc and Baraduc 2007) or to suppress saccadic suppression of displacement (Deubel et al. 1996) ]. The 300 test trials were followed by 50 posttest trials in which the target never reappeared. These trials assessed the final adaptation level while minimizing the decay of adaptation . Finally, 100 trials in which the target always reappeared were run, whose function was to return amplitude to baseline.
In session 2, 50 practice trials and 50 pretest trials were run as in session 1. In the test epoch (300 trials), reappearance of the target no longer depended on the on-line median. Instead, we reproduced the retinal errors of session 1 trial by trial: In a given test trial n of session 2, we stepped the target relative to the on-line measure of saccade amplitude in that trial by an amount that exactly equaled the retinal error of test trial n of session 1 (Fig. 1B) . Thus, in session 2, the order and magnitude of retinal errors experienced in test trials were the same as those produced by the subject in session 1. Test trials were followed by 50 posttest trials as before. The two sessions were separated by at least 48 h.
Because in session 1, on about half the trials (45%), the target did not reappear after the saccade, we arranged for the same to occur on the corresponding trials of session 2. In addition, a small percentage (Ͻ1%) of session 1 trials could not be analyzed because Fig. 1 . A: schematic illustration of amplitude-dependent visual feedback. In normal saccades (top), endpoints tend to undershoot the visual target. Thus the median retinal error tends to be positive. In the "Large-On" condition (middle), the visual target was available after the primary saccade only when its amplitude was larger than the median. Thus the distribution of retinal errors experienced by the subject was smaller than usual. In the "Small-On" condition (bottom), the visual target was available after the primary saccade only when its amplitude was smaller than the median. The distribution of retinal errors experienced by the subject was larger than usual. B: 2 examples of corresponding trials during the 2 sessions. The saccade target (open square) was always at 12°. In the first example (top), in session 1 the saccade endpoint (black dot) on trial n was 13.2°, which corresponds to a retinal error of Ϫ1.2°. In session 2, the saccade endpoint on trial n was 11.8°. To obtain a retinal error of Ϫ1.2°, the target had to be stepped back to position 10.6°(dashed square), a step of Ϫ1.4°. In the second example (bottom), in session 1 the saccade endpoint was 11.2°and retinal error was 0.8°. In session 2, since the endpoint was 12.2°, obtaining a retinal error of 0.8°required stepping the target forward by 1°. C: distribution of retinal errors and target steps in Large-On and Small-On conditions, pooled over all subjects. The zero mark on the x-axis corresponds to the target location; thus a step of 0 means that the target did not step, and a retinal error of 0 means that the saccade endpoint was at the same location as the postsaccadic target.
of blinks or because the primary saccade was of very small amplitude; therefore, in the corresponding trials of session 2, the targets did not reappear.
Retinal error and target step characteristics. In the Small-On condition, visual feedback was obtained only after saccades smaller than the median. Because normal saccades tend to be hypometric (i.e., positive retinal error), this means that the retinal errors that were experienced tended to be larger than normal (retinal error went from 1.71 Ϯ 0.54°in the baseline epoch to 1.80 Ϯ 0.51°in the test epoch).
In session 2, to reproduce these larger-than-usual errors, the target usually had to be stepped forward, and indeed forward steps occurred in 77 Ϯ 3% of trials (average step size 0.73 Ϯ 0.44°). In the Large-On condition, visual feedback was obtained only after saccades larger than the median, and thus the experienced retinal errors tended to be smaller than usual (closer to the target). Retinal error went from 1.45 Ϯ 0.49°in the baseline epoch to 0.69 Ϯ 0.50°in the test epoch. Therefore, in session 2, to reproduce these smaller-than-usual errors, the target almost always (97 Ϯ 3% of trials) had to be stepped back (average step size Ϫ1.66 Ϯ 0.31°). However, despite this difference in the direction of target steps between Small-On and Large-On conditions, because of normal undershoot retinal errors in both tended to be positive (Small-On: 96 Ϯ 3% retinal errors were positive, average 1.8 Ϯ 0.5°; Large-On: 84 Ϯ 17% retinal errors were positive, average 0.69 Ϯ 0.5°). Figure 1C illustrates the distribution of retinal errors and target steps.
Our adaptation procedure differed from conventional adaptation in that it included trials in which the target turned off during the saccade. Bonnetblanc and Baraduc (2007) showed that repeating target-off trials had no effect on saccade gain to target at the eccentricity employed here (12°), although they resulted in amplitude-increasing adaptation for larger saccades (20 -30°). Even if the target-off trials had affected the amount of adaptation, our aim was to compare adaptation between session 1 (retinal error only) and session 2 (both retinal and prediction errors); because there was an equivalent number of target-off trials in each session, the potential influence of these trials on adaptation does not affect our findings.
RESULTS
Average saccade latency was normal for visually guided saccades (164 Ϯ 13 ms in the Large-On condition; 169 Ϯ 15 in the Small-On condition). A repeated-measures ANOVA with factors Epoch (baseline vs. posttest) and Session showed no significant effects or interactions in either condition (all F Ͻ 1).
In general, we found significant saccadic adaptation both in the sessions in which only retinal error was available (the first sessions) and in those in which the same degree of retinal error was accompanied by a prediction error (the second sessions, in which the target stepped during the saccade). However, the degree of adaptation was severalfold greater when the prediction error was present. Figure 2 shows example adaptation courses of individual subjects. Across subjects, this trend for more adaptation in session 2 was notable (Fig. 3) .
Specifically, in the Large-On condition, the saccade amplitude in session 1 decreased by 2.6% (from 11.82 Ϯ 0.12°to 11.51 Ϯ 0.15°; mean Ϯ SE) between the baseline and posttest epochs [paired t-test, t(6) ϭ 3.9, P Ͻ 0.005]. In session 2, the amplitude decreased by 13.3% [from 11.65 Ϯ 0.12°to 10.11 Ϯ 0.12°; t(6) ϭ 9.0, P Ͻ 0.001]. This was confirmed by a significant interaction between Epoch and Session [F(1,6) ϭ 30.7, P Ͻ 0.001]. Both Epoch and Session main effects were also significant [F(1,6) ϭ 149.8, P Ͻ 0.001 and F(1,6) ϭ 26.3, P Ͻ 0.003, respectively].
Similarly, in the Small-On condition, the saccade amplitude in session 1 increased by 2.6% (from 11.28 Ϯ 0.29°to 11.58 Ϯ 0.32°) between the baseline and posttest epochs [t(6) ϭ 3.7, P Ͻ 0.01], whereas in session 2 the amplitude increased by 9.5% [from 11.65 Ϯ 0.21°to 12.76 Ϯ 0.40°; t(6) ϭ 3.2, P Ͻ 0.02]; the interaction between Epoch and Session was significant [F(1,6) ϭ 6.8, P Ͻ 0.04]. Both Epoch and Session main effects were also significant [F(1,6) ϭ 12.8, P Ͻ 0.015 and F(1,6) ϭ 7.3, P Ͻ 0.035, respectively].
To compare the amount of adaptation relative to the magnitude of the error signal, we need to estimate the two error signals being compared. In our experiment, we know the exact value of the retinal error because it was fixed by design (in session 2). Although we cannot know the exact prediction error, if we assume that the prediction is good (Collins et al. Recall that in session 1 only saccades below (in the Small-On condition) or above (in the Large-On condition) this median received visual feedback. Note that at trial ϳ400 in the Large-On condition (upper circled data point) saccade amplitude in session 1 was 13.1°; because the target was at 12°, this resulted in a retinal error of Ϫ1.1°.
In session 2 at the same trial number (lower circled data point), the saccade amplitude was 8.7°, so we moved the target to 7.6°to replicate the retinal error seen on session 1.
2009) then the back-step is a proxy for prediction error size. In the Small-On condition, retinal error was 1.80 Ϯ 0.51°and prediction error was 0.73 Ϯ 0.44°(see METHODS and Fig. 1C) . If retinal error and prediction error were equally good at evoking adaptation, then in session 2 we would expect ϳ40% more adaptation than in session 1; in fact, we found ϳ270% more adaptation. Specifically, in session 1 the difference between baseline and test was 0.30°(from 11.28 Ϯ 0.29°to 11.58 Ϯ 0.32°); thus every degree of retinal error evoked a 0.17°change in saccade amplitude (0.30°/1.80°). In session 2 amplitude change was 1.11°(from 11.65 Ϯ 0.21°to 12.76 Ϯ 0.40°). If we attribute the same amount of amplitude change in session 2 to retinal error, then there is 0.81°change left over for prediction error to explain (1.11-0.30°). Here every degree of prediction error evoked 1.1°a mplitude change (0.81°/0.73°). In the Large-On condition, retinal error was 0.69 Ϯ 0.50°and target step size was Ϫ1.66 Ϯ 0.31°. Again, granting that small positive retinal errors cause amplitudedecreasing adaptation (Wong and Shelhamer 2010) , if both errors were equally effective at evoking adaptation there should be ϳ40% more adaptation in session 2 relative to session 1; instead, we found 200% more adaptation in session 2. Specifically, the amplitude decrease was 0.31°in session 1 (from 11.82 Ϯ 0.12°to 11.51 Ϯ 0.15°) and 1.54°in session 2 (from 11.65 Ϯ 0.12°to 10.11 Ϯ 0.12°). In this condition every degree of retinal error evoked 0.45°amplitude change, and every degree of prediction error evoked 0.77°amplitude change.
Therefore in both conditions, in session 2, in which there was both prediction and retinal error, it appears that prediction error was more powerful in evoking amplitude changes.
DISCUSSION
We contrasted two different sources of error information that could drive saccadic adaptation, retinal error, the distance between the saccade endpoint and the visual target, and prediction error, which occurs whenever there is a difference between the predicted postsaccadic retinal error and the observed postsaccadic retinal error. This difference is equivalent to the target step in test trials of session 2. The use of target step as a proxy for the prediction error assumes that the oculomotor system has relatively good knowledge about where the saccade lands, so that it can predict nonfoveal postsaccadic target positions (Collins et al. 2009 ). This assumption is supported by several studies on the double-step task in which subjects have to update remembered retinal information with intervening movements (Hallett and Lightstone 1976); their performance suggests that the system possesses good extraretinal knowledge (Bock et al. 1995; Collins 2010; Ditterich et al. 1998; Joiner et al. 2010; Munuera et al. 2009; Sommer and Wurtz 2004; Sparks and Mays 1983) . Thus the oculomotor system would expect a retinal error of a particular size, but the target step makes the actual postsaccadic retinal error different from the prediction. This discrepancy is prediction error. The source of the prediction error is likely to be a forward model that uses an efference copy of the saccade motor command to predict the sensory consequences of the upcoming movement (Miall and Wolpert 1995) . Although in principle proprioception could contribute to the prediction, Lewis et al. (2001) showed that proprioception probably does not play a role in adaptation, as normal adaptation was unaffected in two monkeys with deafferentiation of the extraocular muscles.
In our experiments, subjects experienced the same retinal error but different prediction errors during the two sessions. In session 1, we manipulated retinal error without introducing prediction error by extinguishing the visual target during the primary saccade to it, depending on the amplitude of that saccade. By reilluminating targets when the amplitude was larger than the median, we created a situation in which the eyes landed most frequently on or beyond the target, creating a mean retinal error smaller than the baseline; this caused saccade amplitude to decrease. By reilluminating targets when the amplitude was smaller than the median, mean retinal error was larger than the baseline; this caused saccade amplitude to increase. These results show that retinal error alone can drive amplitude changes. To test the role of prediction error, in the subsequent session 2 the retinal errors experienced during session 1 were presented to the same subjects by measuring saccade amplitude on-line and stepping the visual target during the saccade to the appropriate position. Thus, while the retinal errors between the two sessions were identical, the second session in addition had prediction errors. In these sessions, saccade amplitude adapted to a much larger extent than previously. It therefore appears that while retinal error can evoke a small change in amplitude, prediction error has a substantially larger effect.
Our results are therefore in agreement with previous reports that retinal error is not the sole determinant of saccade adaptation and that prediction plays an important role (Bahcall and Kowler 2000) . In their paradigm, retinal error was intentionally modified by the subjects and prediction error by means of a target step. Here we altered the distributions of retinal error by removing the target on selected trials. Wong and Shelhamer (2010) took advantage of the fact that large saccades tend to fall short of the target and displaced the target during the saccade to a position about midway between its initial position and the mean saccade landing position. This situation created a mean positive retinal error, which would be expected to cause an increase in saccade amplitude. However, the backward target step introduced a prediction error in the opposite direction. Because they found that saccade amplitude decreased under these conditions, the implication is that prediction error plays a larger role than retinal error. This is similar to studies in which the target is made to land on average on the fovea, thereby eliminating retinal error. This situation causes saccade amplitude to decrease, as if to actively maintain the expected undershoot in saccade amplitude (Henson 1978; Robinson et al. 2003) . All of these results could also be explained without invoking prediction error by postulating a mechanism that maintains the postsaccadic retinal error at a small positive goal state (saccadic undershoot). In this way, positive postsaccadic retinal errors could still by themselves evoke amplitude-decreasing adaptation.
One caveat we must consider about our conclusion is that if reinforcement processes play an important role in the control of saccade gain, this could mitigate our conclusion about retinal error per se being relatively unimportant. Consider whether it was rewarding to see the target after a saccade or, alternatively, it was punitive to have the target disappear upon a saccade. In our session 1 Small-On condition, the larger-than-usual retinal error might be driving the saccade amplitude to increase, while seeing the target only after smaller saccades might be driving the saccade amplitude to decrease. The result of such a conflict might be incorrectly interpreted as retinal error playing a weaker role than was the case.
Finally, if prediction error drives saccadic adaptation, the question arises as to why, during conventional saccadic adaptation, amplitude change tends to asymptote at a level close to the postsaccadic target location. Adaptation may stop once the predicted retinal error matches the actual retinal error, i.e., when the amplitude change exactly matches the target step. However, the fact that adaptation develops in a nonlinear fashion suggests this may not be the only determinant. An alternative view proposes that the prediction error itself adapts (by adapting the forward model that provides the predictions) or that retinal error becomes more effective in this situation, because of an interaction between the two error mechanisms. The updating of internal predictions synchronous to (Synofzik et al. 2008) or even preceding (Flanagan et al. 2003 ) changes in motor behavior has been shown for hand movements. Alternatively, a difference in dynamics of saccade adaptation based on prediction error and retinal error may be responsible for the gain asymptote. According to Körding et al. (2007) , motor adaptation is the combination of fast-state and slow-state gains. Fast-state gains change and decay rapidly, such that early in the adaptation epoch almost all motor behavior is due to the fast-state gain. Slow-state gains change and decay slowly and can contribute to motor behavior only at the end of the adaptation epoch. This computational framework has been shown to explain some behavioral characteristics of saccadic adaptation such as retention and memory effects (Kojima et al. 2004 ; Robinson et al. 2006) . We can explain the asymptote if we assume that prediction error influences motor behavior early in the adaptation epoch (i.e., influences the fast-state gain) and that retinal error drives the slow-state gain. If prediction error was negative (because of a back-step of the target as in our Large-On condition), early changes would cause amplitude to decrease. As the adaptation epoch unfolded, however, these early adaptive changes would tend to return the retinal error back to zero. If retinal error influences motor behavior at the end of the adaptation epoch (via the slow-state gain), then amplitude changes should asymptote as the weight of the fast-state gain decreases and that of the slow-state gain increases.
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